Neutralizing antibodies (Abs) are thought to be a critical component of an appropriate HIV vaccine response. It has been proposed that Abs recognizing conformationally dependent quaternary epitopes on the HIV envelope (Env) trimer may be necessary to neutralize diverse HIV strains. A number of recently described broadly neutralizing monoclonal Abs (mAbs) recognize complex and quaternary epitopes. Generally, many such Abs exhibit extensive numbers of somatic mutations and unique structural characteristics. We sought to characterize the native antibody (Ab) response against circulating HIV focusing on such conformational responses, without a prior selection based on neutralization. Using a capture system based on VLPs incorporating cleaved envelope protein, we identified a selection of B cells that produce quaternary epitope targeting Abs (QtAbs). Similar to a number of broadly neutralizing Abs, the Ab genes encoding these * Author to whom correspondence and proofs should be sent: James E. Crowe, Jr., MD, Vanderbilt Vaccine Center, Vanderbilt University Medical Center, 11475 MRB IV, 2213 Garland Avenue, Nashville, TN 37232-0417, USA, Telephone (615) 343-8064, Fax (615) 343-4456, james.crowe@vanderbilt.edu. Contributions. MDH wrote, performed experiments, and conceptualized this study. XC, HS, and GL performed experiments. SK contributed to study design and cohort access. PS, DF, and JEC wrote and conceptualized the study.
Introduction
An increasing number of broadly neutralizing monoclonal Abs against HIV have been identified in recent years that recognize novel neutralizing epitopes on the envelope (Env) glycoprotein complex. However, broadly neutralizing Ab clones are relatively rare and occur late in infection. Generally, it is thought that the broadly neutralizing epitopes may be relatively poorly immunogenic, difficult to access, and they require extensive somatic hypermutation for targeting [1] . It has been postulated that conformationally dependent Abs against intact native trimers may be necessary to neutralize HIV. This proposal is consistent with studies that show much of the neutralizing activity to HIV is directed to quaternary epitopes [2, 3] . Recent studies show certain constructs of recombinant proteins that seem to have improved specificity for representing neutralizing epitopes [4] .
Conformationally or structurally dependent epitopes can take many forms, from discontinuous amino acids in a short sequence, to widely separated amino acids brought together by protein folding, or epitopes present only during the arrangement of multiple protomers, i.e. quaternary epitopes. The quaternary epitopes may be formed by portions of a single protein of the complex or quaternary epitopes may be formed de novo between the units of the multiple protomers. Structural antigenic determinants that induce quaternarytargeted Abs, have been shown to be important in other infections. For example, less than 1% of dengue virus-specific human mAbs are serotype-specific and potent neutralizing Abs, and these recognize quaternary structures that are found only on virion particles, not on soluble E protein [3] [4] [5] [6] . The potent and broad influenza-specific human mAb 1F1 recognizes a quaternary epitope on the hemagglutinin protein head domain [7] . Large-scale efforts to identify potent and broadly neutralizing anti-HIV Abs against HIV using neutralization assays for the screen instead of Ab binding assays have recently isolated the broadly neutralizing Abs PG9 and PG16 [8] that target the same epitope as the quaternary targeting antibody (QtAb) 2909 [11] . PG9, PG16 and 2909 all target a variable loop 1 and 2 dependent epitope present on gp120 monomers [12] , although the binding is greatly enhanced by incorporation into the envelope trimeric spike and have been referred to as quaternary-structure-preferring Abs [9, 10] . Other HIV Abs that recognize complex structures have been identified recently [11] [12] [13] , including the broadly neutralizing QtAb PGT-151 [14, 15] . PGT-151 binds an epitope that is only created between gp120 and gp41 protomers after cleavage and trimeric incorporation. As a class, however, broadly neutralizing Abs, particularly those that target complex quaternary epitopes, seem to be rare occurrences.
HIV produces a membrane-enveloped virion studded with HIV Env protein. We previously developed a pseudovirion-or virus-like particle (VLP)-based platform for antigen presentation of naturally cleaved Env trimer protein [19] . We subsequently demonstrated that the VLPs presented the epitopes for classical broadly neutralizing HIV mAbs and responded to CD4 binding by increasing access to CD4-induced epitopes [20] . We previously used these VLPs in flow cytometric cell sorting experiments to isolate a neutralizing human mAb to a CD4-induced quaternary epitope [18] . Virus-like particles (VLPs) have been considered as vaccine candidates, however these constructs are not without issue. Production of VLPs can incorporate other host membrane proteins that also induce immune responses [16] . Nonfunctional gp120/gp41 monomers and gp120-depleted gp41 stumps also may be displayed on VLPs as they are on virions [22] . These altered proteins have been proposed to be a component of diversionary tactics to elicit an inefficient Ab response against the virus.
It is poorly understood whether a subset of quaternary epitope-targeting Abs (QtAbs) are neutralizing or whether members of this class of Abs are usually neutralizing. We sought here to address that question by isolating panels of human mAbs that target quaternary epitopes on trimeric HIV Env, without prior screening for neutralization, using our VLPs in flow cytometric B cell capture assays. We identified novel anti-HIV Abs from three different HIV-infected long-term non-progressor subjects. On initial screens, a surprising number of these Abs targeted complex structural epitopes, i.e., quaternary epitopes. As a class, these QtAbs exhibited a very high level of somatic hypermutation in the Ab variable genes. Despite the fact that the majority of Abs isolated by selection with VLPs were QtAbs, none of these Abs exhibited broad or potent HIV neutralizing or Ab-dependent cellmediated viral inhibition (ADCVI) activity when expressed as full-length immunoglobulins. These QtAbs did display interesting common molecular characteristics, such as the dominant use of particular Ab variable gene segments and extensive mutations away from the inferred germline genes, particularly in the framework 3 region. We sought to examine the idea that extensive somatic mutations and induction of QtAbs would be sufficient to identify broadly neutralizing Abs. This was not the case, however. Mutational and biochemical analysis revealed these framework 3 region mutations accumulated stochastically in a manner that did not contribute to enhanced virus inhibiting activity. The results suggest that although expansion of B cells encoding QtAbs with large numbers of somatic mutations is often necessary for development of neutralizing Abs, these features are not sufficient to confer such activity. Rather, only rare clones of this class of Ab are likely to mediate broad and potent neutralizing activity due to particular patterns of epitope recognition.
Samples were de-identified as to age, gender, and other personal identifying information. The Institutional Review Board of Vanderbilt University Medical Center approved the study protocols and consent forms. Subjects 10002, 10028, and 10076 were infected chronically with HIV, with a duration of infection from 7 to 24 years, and with CD4+ T cell counts >500 at the time of B cell sorting. These subjects were treatment-naïve, as noted in previous publications [23] .
Generation of green-fluorescent protein-labeled virus-like particles (GFP-VLP) for single-cell sorting of HIV-specific CD19 + B cells
Stable cell lines were generated as previously described [18] . Briefly, plasmid pcDNA4/TO containing sequence-optimized HIV-1 gag, IRES and HIV-1 BaL env genes was created in the T-Rex-293 cell line (Invitrogen, Carlsbad CA). The GFP gene was cloned in-frame with the HIV-1 vpr gene and cloned into the pcDNA5/TO vector; transfected into the pcDNA4/TO Gag-I-Env stable cell line; and, using blasticidin, hygromyin, and zeocin, selected for stable cell line production. Cell lines were selected for optimal coordinated gag and env production after doxycycline induction and the optimal cell line was designated XC-34.
GFP-labeled VLPs were harvested from individual clones after three days of 2 μg/mL doxycycline induction and clarified by low-speed centrifugation, filtered through a 0.45 μm filter, and then purified by ultracentrifugation through a 20% sucrose cushion (100,000 x g for 2 hours, 4 ºC). Pellets were suspended in PBS. The gp120 and p24 antigen content were measured by antigen-capture ELISA techniques.
B cell labeling, single-cell sorting of HIV VLP-binding CD19 + B cells
B cell sorting was performed as previously described [18] . Peripheral blood lymphocytes were isolated by centrifugation on 1.078 density lymphocyte separation medium. CD19 + B cells were separated using paramagnetic beads according to the manufacturer's instructions (STEMCELL Technologies, Vancouver, BC). Then, 2 to 4 x 10 6 B cells were stained with anti-CD3-PE, anti-CD14-PE, anti-CD19-APC (Becton Dickinson, Franklin Lakes, NJ) and 50 μL of concentrated VLP (containing GFP) preparation on ice for 30 minutes. Flow cytometric analysis and single-cell sorting was performed with a FACSAria III flow cytometer in a Biosafety Level 3 laboratory, equipped with an automated single-cell deposition unit and aerosol containment accessory (Becton Dickinson, Franklin Lakes, NJ). Single HIV VLP + /CD19 + cells were collected one cell per well into 96-well cell culture plates (Costar ® , Corning Incorporated, Corning, NY), containing RPMI 1640 (Life Technologies, Inc., Rockville, MD) supplemented with 15% gamma-irradiated heatinactivated fetal bovine serum, 2 mM L-glutamine, 2.5 μg/mL amphotericin B, 60 μg/mL tylosin, 50 μg/mL gentamicin and 0.1% 2-mercaptoethanol.
Expansion of single B cells in culture
HIV-specific B cells were cultured to generate small clones and identified as secreting HIVspecific Abs using an approach adapted from a previously described method [20] . Briefly, 50,000 irradiated (50 Gray) EL4-B5 mouse thymoma cells (kindly provided by Dr. R. H. Zubler) per well of 96-well culture plates were used as feeder cells immediately following single-cell isolation of B cells. A combination of 100 U recombinant human IL-2, 5 ng/mL PMA, and 10% (v/v) of supernatant from pokeweed mitogen-activated human T cells was added. The culture plates were incubated for 7 days at 37 ºC in an atmosphere of 8% CO 2 . After 7 days, we removed 100 μL of supernatant and added 10,000 irradiated (50 Gray) fibroblastic L cells stably transfected with human CD154 (CD40L) to each well and supplemented with the media as described with an additional 5 ng/mL recombinant human IL-4. This cell line was kindly provided by DNAX via the ATCC (CRL 12095). Cultures had an additional supplementation of medium with CD154 cells on day 14. Immunoglobulin production was assessed on withdrawn supernatant on day 14 and 21.
Assays for secreted immunoglobulin (Ig) or HIV-specific Abs
ELISA assays for clonal interrogation with GFP-labeled HIV VLPs either incorporating (Gag-Env VLP) or lacking (Gag-only VLP) the BaL Env protein and recombinant BaL gp120 Env were previously described [18] Supernatants of B cell clones that were positive in both the Gag-Env VLP and Gag-only VLP ELISAs were considered non-specific (designated phenotype G). Those that bound both gp120 and the Gag-Env VLP were considered gp120-monomer specific (designated phenotype M). Those that bound only the Gag-Env VLP but not gp120 protein nor Gag-only VLPs were considered specific for HIV Env only in the context of VLP presentation and defined as quaternary targeting Abs (designated phenotype Q or QtAbs). Addition of B cell culture supernatant and Ig capture was performed as described above. Positive optical density values for both the human Ig and the HIV-specific B cell supernatant screening ELISAs ≥ were defined as 1.5 times the background signal, after the background signal had been subtracted from all test sample results. The sensitivity of the ELISA was demonstrated to be ≤ 1 ng of Ig per well in preliminary experiments (data not shown) and in a 1 to 5 ng/mL range for the VLP-specific ELISA. Additional reagents used in ELISAs and functional assays were soluble CD4 (sCD4-183; Pharmacia, Peapack, NJ), HIV-1 gp41 recombinant protein (Prospec, Nessziona Israel), the mAbs 2G12, 2F5 and 4E10 from Dr. Hermann Katinger through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH.
Heavy or light chain variable region amplification, DNA sequence analysis, and Ab expression
The isolation of variable chain sequences and subsequent Ab production follows procedures previously described [18] as adapted from previous methods [20] . Sequence determinations were performed in an ABI3700 automated DNA sequencer (Applied Biosystems, Foster City, CA). Resulting variable region sequences were analyzed using MacVector ® version 10.5 software (MacVector, Inc.) and with the international ImMunoGeneTics (IMGT) database [25] . Heavy chain cDNAs were paired with the light chain cDNA from the same cell, or a highly related clone, as shown in Table 3 . HEK 293 FreeStyle cells (Invitrogen, Carlsbad, CA) were transfected transiently with plasmids encoding full-length heavy chain and corresponding light chains per manufacturer's protocol. Supernatants were clarified by centrifugation and filtered prior to isolation using a 5 mL HiTrap Protein G column on an AKTA FPLC (GE Healthcare, Piscataway NJ), citrate buffer elution and washes.
Ab functional assays
Neutralization tests were performed with a conventional pseudovirion assay and TZM-bl cells, as previously described [22, 23] . Assays were performed in duplicate in a total volume of 150 μL containing 30 μg/mL of DEAE dextran for 1 hour at 37ºC in 96-well flat-bottom culture plates. This mixture then was added to the corresponding well of a 96-well flatbottom culture plate containing adherent TZM-bl cells that were seeded at 5,000 cells per well in 100 μL of growth media at 37 ºC in 5% CO 2 seeded 24 hours earlier. After a 48-hour incubation, 200 μL of cell lysate was transferred to 96-well black solid plates (Costar, Corning, NY) for measurements of luminescence using Bright Glo substrate solution, as described by the supplier (Promega, Madison, WI). Neutralization titers were reported as the dilutions at which relative light units (RLU) were reduced by 50% compared to those of virus control wells, after subtraction of background RLUs. Ab-dependent Cell-mediated Virus Inhibition (ADCVI) was measured using methods similar to those we described previously [24] . Briefly, target cells were prepared by infecting CEM.NKr.CCR5 cells (AIDS Reagent Program) with HIVUS657 for 72 hours. After washing, target cells were mixed with fresh human PBMC effector cells at an effector:target ratio of 10:1 in the presence of test monoclonal Abs at a final concentration of 100 μg/mL. Wells were washed at day 3 to remove Ab and replaced with fresh medium. Supernatant fluid was assayed at day 7 post-infection for p24 by ELISA (Zeptometrix, Buffalo, NY). Percent inhibition (compared to negative control) was calculated as previously described [24] .
Replacement to Silent mutational analysis
Clones with ambiguous binding phenotypes were not used for this analysis. Since screening of antigen specificity was determined by ELISAs performed using supernatants from single B cell derived clones, the level of protein expression may be highly variable. Notably, 10028-Q1-2H3 and 10028-Q1-7B4 (with gp120 ELISA ODs of 0.379 and 0.300 with background signal 0.120) were borderline positive on gp120 screening. MAb 2D9 (part of the 10028-Q2 group) had an OD of 0.436 with background of 0.150 and the 8F10 clone (part of the 10028-M1 group) was negative in the VLP screen (OD of 0.350 with background OD of 0.150). 10028 Q4-3A9 and Q8-4H10 clones barely achieved positive values in the VLP ELISA, and Q7-4D11 bound to VLPs but also showed borderline gp120 binding values (0.297 ODs with a gp120 background OD of 0.110). Borderline assigned samples such as these were not used in further statistical analysis.
With these exceptions noted, the numbers of nucleotide mutations and those that lead to amino acid change were tabulated using IMGT database. Regions that lacked silent mutations were given the conservative denominator value of 1 for purposes of calculation. Each clonal group was counted as a single event (using the average of values for each group) for statistical calculations, to avoid skewing to those clonal groups that possessed more clones. This analysis was not performed on the HCDR3 region since an inferred germline sequence cannot be determined for those sequences because of non-templated Nadditions in the junctions. GraphPad Prism Software (La Jolla, CA) was used for graphing and linear regression.
Results
To explore Ab responses to membrane associated HIV Env, we used a fluorescent VLP and single B cell cloning Ab system. We previously showed it is possible to isolate single HIVspecific B cells that recognize quaternary epitopes using flow cytometric sorting by labeling B cells with fluorescent VLPs displaying a stabilized form of the BaL strain Env protein [18] . Here, we studied in detail the B cells from three HIV-infected individuals who exhibited viral control and maintenance of adequate peripheral blood T cell counts without taking antiviral drug therapy, so-called long-term non-progressor subjects.
These individuals were known to exhibit moderate breadth of neutralizing activity in serum for clade B virus strains, as reported previously [23] . Using the NIH clade B reference neutralization panel, serum from Subject 10028 neutralized 59% of strains, serum from Subject 10002 neutralized 47% of isolates, and serum from Subject 10076 neutralized 18-24% of strains. Prior to performing sorting experiments, we repeated the serum neutralization assays for these donors using the HIV-1 BaL strain, since BaL Env was the basis of our VLP labeling reagents ( Table 1 ). The neutralization profiles observed were consistent with those previously published. These subjects had donated plasma specimens over a 2-4 year period for determination of viral loads, which varied for each individual. Viral loads shown as RNA genome copies per mL plasma varied in the subject samples as follows: 10076 from 5,205 to 21,339; 10028 from 3,051 to 29,345; and 10002 from 65 to 1,217. Cells were isolated from blood samples by density gradient purification and sorted fresh or following PBMC cryopreservation in some cases.
We identified single Ab-secreting B cell derived clones that were HIV-specific using three different ELISA tests. ELISA screen positivity was defined as a signal 1.5 times the background signal, after the background signal had been subtracted from all test sample results. Figure 1 shows an example of results from one BaL-VLP ELISA screening plate; five wells containing clones derived from single VLP+ B cells secreted a level of HIVspecific Ab that was considered positive. On each plate, we included testing of a positive control Ab (mAb 2F5 shown here) at 25 ng/mL or 5 ng/mL in separate wells. The signal from the 2F5 control mAb at 5 ng/mL concentration was near the level of detection for the VLP ELISA. The contents of wells with positive signal then were harvested for RNA extraction and RT-PCR amplification of Ab heavy and light chain variable regions. The nucleotide sequences of the Ab gene cDNAs were determined and then analyzed using the international ImMunoGeneTics (IMGT) database at www.imgt.org [25] . Table 1 shows the results from the five cell-sorting experiments used to clone the Abs analyzed in this study. Direct B cell labeling with fluorescent VLPs resulted in enrichment of HIV-specific B cells. Of those clones that secreted Ab in the supernatant, 32 to 51 % were positive in HIV antigen screening ELISAs. The other Ab secreting non-HIV specific clones selected by sorting were likely B cells that nonspecifically bound the VLPs. Alternatively, since the immunoglobulin ELISA screening had greater sensitivity than the HIV antigen ELISAs, these clones may have simply had too low of an avidity to exceed the positive cutoff in the HIV antigen ELISAs. Overall, Ab producing anti-HIV Env B cells were enriched to between 3.1 % and 9.2 % of wells into which single B cells were sorted.
For specific sequence analysis, we chose to analyze only clones that were both physically sorted with VLPs and that secreted HIV-specific Ab after stimulation, to ensure the specificity of the results. Ab genes were cloned from a small number of the cultures that secreted Ig that did not bind to HIV antigens (Figure 2, 10028 controls) . These clones possessed near-germline Ab gene sequences, likely representing nonspecific IgM producing clones since, being CD19 positive, these are more likely to have bound non-specifically in the sorting process. All confirmed Ab sequences were submitted to GenBank (accession numbers are provided in Supplemental Table 1 ).
Within the HIV specific clones, sequence analysis revealed a high proportion of shared or highly similar sequences among the clones. We previously have defined clonality based on shared V H genes, a shared V H -D-J H junction, and a sequence with shared somatic mutations [26] . Since the Abs discovered in this present study were so highly mutated (likely due to recurrent antigenic exposure during chronic infection), we developed more stringent definition to maximally reflect the most recent of antigen binding events that would influence clonal stimulation against the HIV quasispecies strains. We defined clonality as having same heavy chain CDR3 region length, >90% CDR3 nucleotide identity, and having overall amino acid sequence homology of 90%. IMGT defined variable gene usage in both heavy and light chains, when available, was supportive of these assignments. An example of analysis of the relatedness of Subject 10076 clones is shown in Table 2 ; numbering of amino acids was assigned by IMGT analysis [25] .
In this example of clones from individual 10076, clones were first organized according to shared heavy chain variable gene segments, in this case V H 1-02. As shown, the difference in HCDR3 length immediately assigned clone 2A6 to its own clonal group (designated Q8, with "Q" indicating recognition of a quaternary epitope, VLP but not monomeric gp120 binding). Clonal groups then were defined by overall similarity in the variable gene region, in this case highlighted by allele assignment within V H 1-02 and by J segment usage. From this analysis, clonal group Q2 (1B1 and 1F7) and group Q11 (4E4) were resolved easily. MAbs 6F5, 6F11, and 7C6 were not assigned a final grouping until the outlined strict homology criteria were applied. The relationship within the 6F11/7C6 pairing and the differences from 6F5 were supported similarly by shared mutations within the CDR3 region of the associated light chains, and the light chain gene family assignment (V K 1-39). Shared mutations within the full variable gene sequences agreed with these overall assignments, as did independent intraclonal Clustal alignments (data not shown). We cannot completely eliminate the possibility that these clones derived from a single clonal event very early in derivation of these clones. The shared overall V H and V L assignments and length of CDR3s of clones 1B1, 1F7, 4E4, 6F5, 6F11 and 7C6 may imply such a distant relation. Figure 2 shows the unique clones assigned to their clonal groups with the B cell supernatant ELISA result for binding to gp120 (red), HIV Env-VLP (green) or Gag-only VLP ELISA (blue). Gag-only VLPs were used to assess non-Env or non-specific interactions with VLPs. Binding to Gag-only VLPs was observed only in supernatants from cells sorted from Subject 10076. Overall, the majority of reactive clones targeted what appeared to be trimer-specific, or quaternary epitopes (designated by label "Q").
Although containing minor sequence differences, the Abs assigned to clonal groups by sequence similarity, (as above) also exhibited common patterns of binding to the three antigens tested (VLP with Env, VLP lacking Env, or monomeric gp120 - Figure 2 ). There were only minor disparities (discussed in methods). The majority of the clonal populations used only three different heavy chain variable gene segments (V H 1-69, V H 3-30, or V H 3-23). The predominant clones that were specific in binding to trimeric antigens used only V H 1-69.
Many of the isolated clones possessed a remarkably large number of somatic mutations, comparable to the mutation frequency seen in some of the most broadly neutralizing Abs in the literature. These mutations were located predominantly in HCDR 1, 2 and Framework 3 (Supplemental Figure 1-A) . Figure 3 (left panel) shows the number of somatic mutations for multiple individual Abs organized into phenotypic binding groups (binding Gag; binding gp120 monomer; or quaternary epitope targeting Abs [QtAbs]). For comparative purposes, we show heavy chain mutation data from previously published studies (Figure 3 right  panel) . The level of mutation in the variable genes encoding trimer-specific anti-HIV Abs (QtAbs) was greater than that in randomly-selected B cells [30] , or rotavirus-specific B cells [28] . A similar study using a gp140 trimer reported over 300 HIV-specific Abs, however of the Abs that targeted the trimeric gp140, none found were specific for quaternary epitopes [29] . The average number of mutations of this collection of Abs (labeled gp140 binding Abs, Figure 3 ) was comparable to rotavirus-specific B cells, to our clones that also recognized gp120 monomer or Gag proteins, and to the average in HIV-specific clones in a general survey [30] . Strikingly, the average number of mutations in variable heavy chain genes in our collection of QtAbs was 43, which is similar to the extensive number of mutations seen in individual broadly neutralizing Abs (Figure 3 ; right panel-mAb PG16: 43 [31] ; mAb b12: 45 [32] ; and mAb 2G12: 51 [33] ).
We fully characterized using recombinant expression of cloned heavy and light chains a collection of ten QtAbs from Subject 10076 that represented a total of 8 sequence similarity clonal groups (Table 3)(reviewed in Table 2 ). Table 3 also reflects the excessive mutations as percentage of homology to germline. Since these clones recognized potential quaternary epitopes, and many possessed high numbers of somatic mutations comparable with that in many broadly neutralizing Abs (Figure 2) , it was reasonable to think that many of these mAbs might exhibit neutralizing activity. Surprisingly, these full-length recombinant Abs did not exhibit neutralization to the BaL strain used to manufacture the VLP. The addition of CD4 and complement also failed to improve neutralization of the BaL strain. MAb 2C6 had been shown previously to have modest CD4 induced neutralizing activity when expressed as a Fab [18] . Notably, when 2C6 was expressed as a full-length immunoglobulin there was a modest enhancement of neutralization in the presence of CD4 (data not shown), but this activity also was weak (50% neutralization activity >50 μg/mL). These Abs also failed to neutralize a selection of viruses from a Clade B panel [34] or HIV strain SF162 (data not shown). We also tested the Abs in a standardized assay for Ab-dependent cell-mediated virus inhibition; none of the Abs exhibited any inhibitory activity (data not shown).
Due to limited volume of B cell supernatant, we did not perform screening for gp41 specific Abs in initial screens. It is well known that gp41 is highly immunogenic [38] . It has also been described that gp120-depleted gp41 stumps also may be displayed on VLPs as they are on virions [22] . To explore if these potential QtAbs were directed toward gp41, a series of ELISA assays with gp41 protein (Prospec, Israel) and VLPs were performed, and EC 50 values were calculated using Prism 6 software (Graphpad, La Jolla, California). The recombinant full-length Abs fully replicated the specific quaternary epitope VLP ELISA targeting patterns observed with the original primary B cell supernatant ELISA screening, as shown in Figure 1 . ELISAs with the recombinant gp41 protein performed on a subset of QtAbs all showed inferior epitope targeting, with 8B10 in particular showing no binding at 1 μg/mL of Ab. Additional epitope mapping confirmed the structurally influenced nature of these epitopes (Hicar et al, in review) . Lack of functional activity seen with these QtAbs is not be explained by poor binding activity, since the EC 50 results were in the nanogram/mL concentration range (Table 3 ).
Due to their large number of mutations, yet poor neutralizing activity, we further evaluated these Ab sequences to attempt to identify the molecular basis for poor neutralizing activity. Since long Ab HCDR3s have been proposed to be enriched in populations of HIV neutralizing Abs [35] , we evaluated the heavy chain complementarity determining region 3 (HCDR3) length distribution within our clones. The mean amino acid length of HCDR3s in the variable genes in human B cells in circulation is roughly 16 amino acids [40] . The HCDR3 length of HIV Env QtAbs analyzed here was on average 16.6 (Supplemental Figure  1B) . The HCDR3 lengths were not distributed normally, implying a bias against average length CDR3s. When examined on an individual basis, it was clear that most of the Abs possessed either short or long HCDR3s, with the overwhelming majority being either <13 or ≥ 17 amino acids long. Despite their non-neutralizing functional profile, there was no apparent bias against these QtAbs having long HCDR3s (Supplemental Figure 1B) .
We further evaluated structural elements focusing on the location of targeting of somatic hypermutation. Replacement to silent (R/S) mutation ratios can be used to suggest positions altered by somatic hypermutation that are selected preferentially based on antigen binding. An R/S ratio of >2.96 indicates targeted somatic hypermutation and selection of those mutations for further propagation. The sequences of Ab variable regions can be compared to known germline gene sequences for this analysis. Typically, the CDR regions, since they tend to interact directly with antigen, accumulate a majority of mutations and often have higher R/S ratios. The majority of heavy chains of the QtAbs here exhibited signs of antigen-driven selection (i.e., elevated R/S ratios) within their HCDR 1 and 2 regions ( Figure 4C and E). This finding is typical of most antigen-specific responses, however the extent of targeting to HCDR1 here is notable. Targeting of framework 1, 2 or 3 seemed to be a more unusual occurrence, with only a minority of clones analyzed showing targeting in the frameworks ( Figure 4B, D, and F) .
Despite the very large number of mutations in these Ab sequences, and particularly in the framework 3 regions (Supplemental Figure 1A) , antigen-driven selection for mutations outside of the CDRs was not a generalizable characteristic of these QtAbs. To assess the influence of potential CDR3 length bias, these data were analyzed in the context of CDR3 length (Figure 4) . Interestingly, the data for framework 3 suggested increased targeting of this region for selected mutations as the HCDR3 region became shorter ( Figure 4F ). This finding suggests that increased numbers of selected clones with large numbers of somatic mutations, particularly in the framework 3 region, may compensate for the lack of complexity in Abs with shorter HCDR3s. This finding may be due to the structural interplay of a central portion of framework 3 that is near the CDR pocket [41] .
This correlation only had an R 2 value of 0.281 and appeared to be driven primarily by only two clonal groups ( Figure 4F ). We interpret this finding to mean that many of the framework 3 mutations, and subsequently the excessive numbers of mutations seen in these Abs, are accumulating stochastically, rather than driven by antigen-specific responses. As a proof of concept, we chose an Ab with a low R/S ratio in framework 3 to further study the effect of mutations in this region. The heavy chain of 76-Q3-2C6 (i.e., mAb 2C6) contains a 21 amino acid long CDR3 region and has an R/S ratio of 1.45 in framework 3. A recombinant Ab with near germline sequence in the framework 3 region (labeled 2C6-FR3Δ, sequence comparison Figure 5B ) was created and compared to the original 2C6. On comparing binding kinetics, EC 50 values on three separate experiments did not show a significant difference in binding; a typical binding curve comparison is shown in Figure 5A . These data support the idea that the extensive mutations accumulated in this set of Abs were not driven by major affinity improvements that enhanced epitope targeting.
Discussion
This work shows that HIV-infected individuals make a surprisingly large number of highly mutated non-neutralizing Abs to quaternary epitopes on HIV Env. The reason that we were able to identify such a dominant non-neutralizing population of Abs when previous studies have not done so may stem from a number of factors. We chose subjects on the basis of their clinical non-progression, but did not choose any for broad neutralization activity of their serum as other studies have done. Additionally, identified clones for study by binding to VLPs, without specifically screening for neutralizing activity. Most previous studies of HIV B cell repertoire would not have identified such non-neutralizing quaternary epitope-specific clones because the screening was done by binding to monomeric gp120 or to gp140 trimers that may not efficiently present quaternary epitopes, or alternatively clones were identified by a neutralization assay. Since other studies selected clones for study based on for neutralizing activity, there is perhaps a false assumption that many or most Abs to HIV that recognize quaternary epitopes are neutralizing. Some groups have suggested that any Ab that bound a quaternary epitope or recognized the trimeric structure of Env properly would be neutralizing [38] [39] [40] . Certainly, some potently neutralizing mAbs recognize quaternary epitopes. However, our data suggests that such potent QtAbs are rare Abs from rare individuals, isolated by large-scale screening, and that the typical QtAb that dominates the response to complex Env epitopes in most individuals is not neutralizing.
The Abs that we isolated revealed a number of interesting molecular and genetic features, suggesting that they are a dominant feature of the B cell response in the infected individuals studied. Many of the sequences were highly related, suggesting they derived from a single B cell or alternatively from a strong process of convergent evolution with highly related clones. Regardless of whether the individual sequences derived from a single common ancestor within an individual or not, the striking feature is that clonal families with these highly over-represented Ab genes exhibited identical binding patterns, suggesting a limited number of immunodominant antigens driving the response. Furthermore, the fact that similar genes were used in Abs from differing individuals suggests that the over-representation of these gene sequences reflects a common dominant response across individuals. The correspondence of the common genes with QtAb binding patterns also suggests that these genes likely encode Abs that are structurally optimal for initiating responses to quaternary epitopes in the germline unmutated configuration.
A second feature in these clones that was quite interesting was the pattern of somatic hypermutation. Many of the sequences possessed either a long HCDR3 or a high degree of somatic mutation in the framework 3 region. However, the data suggests these mutations generally accumulated in a stochastic fashion. Long HCDR3s, common in HIV Env-specific Abs, are a proposed mechanism to penetrate the glycan shield to interact with otherwise hidden amino acids on Env [35] . In many cases, long structured HCDR3s additionally interact with the glycan shield [1] .
Short HCDR3s intrinsically possess less structural complexity and sequence diversity than Abs with longer HCDR3s, and this limitation may restrict their ability to bind to complex quaternary epitopes with high affinity. We initially hypothesized that, during somatic hypermutation, antigen directed targeting of framework 3 would compensate for short CDR3s. It is known that in some cases the framework 3 region interacts with antigens; indeed some have referred to portions of framework 3 as HCDR4 [41] . In this collection of highly mutated Abs however, these framework 3 mutations appear to accumulate in a stochastic fashion that did not enhance Ab affinity or function. A caveat to this conclusion is that we did not use autologous virus strains from the individuals studied. Ideal studies would follow virion and Ab development in concert. Our conclusion is consistent with the recent studies showing neutralizing Abs can retain much of their neutralizing activity, even with significant reversion of Ab sequence toward the inferred unmutated ancestor gene [41] .
Other than complete functional trimers, natural virions may display gp120/gp41 monomers, gp120-depleted gp41 stumps, and other incomplete or false oligomeric forms that may act as immune decoys [19, 42, 43] . These alternate viral protein structures may misdirect the immune response toward non-neutralizing epitopes on the gp120 glycoprotein. Recapitulation of the native intact trimeric Env spike presents a major challenge to rational vaccine design. Recent data suggests SOSIP forms are superior to other trimeric gp140 forms in replicating native trimers [4] and cleavage of Env is particularly crucial [48] . With this in mind, it is significant that the VLPs used in this current study react both in flow cytometry assays and ELISA. Identifying excessively mutated Abs against complex epitopes on VLPs from infected individuals implies that during natural infection, HIV virions are repeatedly stimulating similar Ab responses. The question remains whether vaccines that attempt to mimic the native envelope structure also will enhance for these complex nonneutralizing epitopes.
The results from this study have direct relevance to current strategies for developing new experimental vaccines for HIV. Much of the current focus in the field is appropriately aimed at recapitulating Env antigens with conformational fidelity to the Env form found in virions. While this objective is logical, our data suggest that it may be desirable to develop a reshaped Env antigen that retains conserved neutralizing determinants but obscures immunodominant quaternary epitopes that frequently induce non-neutralizing Abs. Our data also suggests that the repetitive vaccination strategy to drive multiple mutations may have limitations. Newer structure-based vaccine antigens designed using emerging computational methods might provide a way forward for development of optimized Env proteins [49] . Further characterization of immunodominant epitopes that are undesirable in an optimal HIV immunogen is of interest to those engaged in rational vaccine design.
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Highlights
• We isolated a large panel of human mAbs to HIV that were identified by binding to VLPs.
• Many of these mAbs possess large numbers of somatic mutations and recognized quaternary (Qt) epitopes.
• Surprisingly, most highly mutated QtAbs did not exhibit a high level of neutralizing activity. Summary of individual B cell supernatant screening ELISAs: results of binding to Gag-Env VLPs (green) or Gag-only VLPs lacking Env (blue), or recombinant gp120 (red). Each ELISA plate contained internal positive and negative controls (see Figure 1 for an example). Clonal groups were assigned by sequence homology and are labeled with Q for quaternary binding or M for monomeric gp120 binding. Gag-only VLP ELISA screening was used to assess potential non-Env binding to Gag-Env VLPs, with clones showing this reactivity labeled G for Gag-only VLP binding. Table 3 Antigen binding and variable genes used to produce recombinant full-length QtAbs that were analyzed functionally in this study gp41 binding was performed using commercially available recombinant gp41 protein; "nd" indicates not determined; EC 50 calculations with wide confidence intervals were estimated as 500-1,000 or >1,000 ng/mL.
2
Variable gene percent homology to the inferred germline variable gene, as predicted by IMGT.
3
Related light chains with 100% identical CDR3 and >90% overall homology.
4
Antibody clone Q11-4E4 was a chimeric antibody using the 76-Q11-4E4 heavy chain co-expressed with the 76-Q13-6F5 kappa chain, since the 76-Q11-4E4 light chain could not be recovered from the single B cell derived culture.
5
Antibody clone Q14-8B10 was a chimeric antibody using the 76-Q14-8B10 heavy chain co-expressed with the 76-G2-3E4 kappa chain. 76-Q13-3E4 similarly used the V H gene 4-59 in the heavy chain and the natural Q14-8B10 heavy and light chain pairing did not express well in culture.
